Objectives/Hypothesis: Speech perception scores using cochlear implants have ranged widely in all published series. The underlying determinants of success in word recognition are incompletely defined. Although it has been assumed that residual spiral ganglion cell population in the deaf ear may play a critical role, published data from temporal bone specimens from patients have not supported this hypothesis. The depth of insertion of a multichannel cochlear implant has also been suggested as a clinical variable that may be correlated with word recognition. In the current study these correlations were evaluated in 15 human subjects. Study Design: Retrospective review of temporal bone histopathology-.Methods: Temporal bones were fixed and prepared for histological study by standard techniques. Specimens were then serially sectioned and reconstructed by two-dimensional methods. The spiral ganglion cells were counted, and the depth of insertion of the cochlear implant as measured from the round window was determined. Correlation analyses were then performed between the NU6 word scores and spiral ganglion cell counts and the depth of insertion. Results: The segmental and total spiral ganglion cell counts were not significantly correlated (P > .50) with NU6 word scores for the 15 subjects. Statistically significant correlations were not achieved by separate analysis of implant types. Similarly, no significant correlation between the depth of insertion of the electrode array and postoperative NU6 word score was identified for the group. Conclusion: Although it is unlikely that the number of residual spiral ganglion cell counts is irrelevant to the determination of word recognition following cochlear implantation, there are, clearly, other clinical variables not yet identified that play an important role in determining success with cochlear implantation.
INTRODUCTION
Although cochlear implantation provides some measure of auditory rehabilitation to the severely to profoundly deaf, the reported word recognition scores have ranged widely in all published series. [1] [2] [3] The underlying determinants of success in word recognition have been incompletely defined. It is generally assumed that differences in residual spiral ganglion cell population in the deaf ear play a critical role in determining the success. 4 -8 Although there is evidence of correlation between psychophysical parameters and residual spiral ganglion cell count in animals 9, 10 and, to a much lesser extent, in humans, 11, 12 the correlation between speech perception and residual spiral ganglion cell counts is much less clear. Thus, for single-channel 13 and multichannel cochlear implants, 14 poor correlation between residual spiral ganglion cell counts and word recognition scores have been reported. In addition, clinical parameters presumably related to cochlear neuronal survival such as duration of deafness, age at onset of profound deafness, and cause of deafness explain little of the variance in speech performance. 15 In a multivariate analysis of clinical predictors of success with multichannel cochlear implants, Gantz et al. 16 identified six parameters, which together explained 61% of the variance in NU6 word score, but only two of these (duration of profound deafness and residual hearing) were judged to be possibly related to residual spiral ganglion cell counts. The depth of insertion of a multichannel cochlear implant has also been suggested as a clinical variable that may be positively correlated with word recognition, 17, 18 although other investigators have shown little relationship between insertion depth and speech performance in humans. 19, 20 The current study was an effort to evaluate the correlation between residual spiral ganglion cell counts, both segmental and total, and depth of insertion of cochlear implants as evaluated histopathologically with the last documented NU6 word scores achieved during life in 15 human subjects, who in life had undergone cochlear implantation. The present report includes six patients (subjects 1, 3, 4, 10, 11, and 12) (Table I ) previously reported.
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MATERIALS AND METHODS
The temporal bones were removed, fixed in 10% buffered formalin, and decalcified in ethylenediamine tetra-acetic acid. Specimens in which the electrode array had been left in situ were postfixed in 2% osmium tetroxide. All specimens were dehydrated in graded alcohols. The specimens in which the electrode array was left in situ were exchanged with propylene oxide and embedded in araldite, whereas specimens in which the electrode array had been removed before fixation were embedded in celloidin.
The specimens were then serially sectioned in the horizontal (axial) plane, at an average thickness of 25 m. Specimens embedded in araldite with the electrode array left in situ were sectioned by a technique previously described. 21 Every tenth section of specimens embedded in celloidin was stained with H&E and mounted on glass slides. Every tenth section of specimens embedded in araldite was either left unstained or stained in toluidine blue 0 before mounting on a glass slide.
The serial sections were reconstructed by conventional twodimensional methods, including counting of neurons of the four segments of the spiral ganglion. 7, [22] [23] [24] The total lengths of the cochlea and Rosenthal's canal and the depth of insertion of the electrode array as measured from the round window and as reflected on the spiral ganglion within Rosenthal's canal were determined from the two-dimensional reconstruction (Fig. 1) . The depth of insertion of the cochlear implant electrode was determined from the two-dimensional reconstructions by direct microscopic determination of the most apical section in which the electrode array was visible or, in specimens in which the electrode had been removed prior to histological preparation, by determining the most apical section of the cochlea in which there was 25 ). ACE ϭ advanced combination encoders; NU6 ϭ Northwestern University Single Syllable Word Test #6; M peak ϭ multi-peak sound processing strategy; S peak ϭ spectral peak sound processing strategy; R ϭ right side; L ϭ left side; MSP ϭ mini speech processor; CIS ϭ continuous interleaved sampling sound processing strategy; F0 ϭ voicing frequency; F1 ϭ first format; F2 ϭ second format.
histological evidence, such as perielectrode fibrosis, of the prior presence of a cochlear implant. This resulted in data for 14 subjects.
The postimplantation NU6 word scores tabulated were the last available before death. For one patient (subject 15), an NU6 score was not available but was estimated based on a technique described by Rabinowitz et al. 25 Correlation analyses were then performed between the NU6 word scores and total spiral ganglion cell counts and the depth of insertion of the implant into the cochlea.
The data were analyzed statistically using multiple linear regression and simple linear regression. 26 The terms "correlation analysis" and "linear regression" are used interchangeably in the present report. In a simple linear regression (e.g., of y on x) R 2 , the proportion of variability of y explained by ϫ is indeed the square of the coefficient of correlation, r, between y and x. The test for the significance of the regression model is equivalent to the test for a significant correlation between y and x. In a multivariate linear regression model (e.g., of y on x 1 to x p ), the positive square root of R 2 is called the coefficient of multiple correlation between y and x 1 to x p .
RESULTS
The data for the 15 subjects, namely, implant type, speech processing strategy, NU6 word score, and other clinical parameters, are presented in Table I . The spiral ganglion cell counts in segments I to IV and total spiral ganglion cell counts for each implanted temporal bone are presented in Table II (n ϭ 15). The depths of insertion, both along the cochlear duct and as reflected on Rosenthal's canal, and the total length of the cochlear duct and Rosenthal's canal are presented in Table III (n ϭ 14). Figure 2 plots the NU6 score as a function of the total spiral ganglion cell count for the 15 subjects, and an obvious correlation between these two factors was not evident. Because the number of spiral ganglion cells in cochlear segments II, III, and IV were found to be significantly correlated (Table IV) , a multiple linear regression model was applied. This analysis confirmed that the segmental spiral ganglion cell counts were not significantly correlated with the word recognition scores (NU6) (R 2 ϭ 0.25, P ϭ .52) as shown in Table V . Analysis by simple linear regression between the total number of spiral ganglion cells and the NU6 score also resulted in a nonsignificant correlation (R 2 ϭ 0.0007, P ϭ .92) even with exclusion of outliers (P ϭ .196).
Correlation Between Numbers of Spiral Ganglion Cells and NU6 Scores
As shown in Table I , this group of subjects represented users of four different implant types (eight users of Nucleus 22, one user of Nucleus 24M, five users of Ineraid, and one user of Clarion) and at least seven different sound-processing strategies. Although it is likely that differences in strategy will play a significant role in speech reception scores, 25 the number of subjects using each strategy remained too small to allow an analysis based on grouping by this factor. Because the eight subjects using the Nucleus 22 implant represented four different soundprocessing schemes, it is not surprising that in this group the NU6 scores did not correlate with the total number of spiral ganglion cells (R 2 ϭ 0.07; P ϭ .52). The Ineraid implantees using the Geneva CIS sound processor constituted the largest (N ϭ 4) group in our subject population that was homogeneous in both implant and soundprocessing strategy. The NU6 scores for this group did not correlate significantly with the total spiral ganglion cell counts (R 2 ϭ 0.46; P ϭ .32).
Correlation Between Depth of Insertion of Implant and NU6 Word Score
As shown in Table III , the depth of insertion was expressed in the following ways: 1) absolute depth of insertion (millimeters from round window); 2) a percentage Table VI . No statistically significant correlation between the depth of insertion of the electrode array and the postoperative NU6 word score was identified.
Because it might be argued that the actual depth of insertion was less accurate in the five patients (subjects 3-7) in whom the implant device had been removed before histological preparation, the analysis was repeated for the 10 cases in which the electrode was left in situ during preparation. Again, no statistically significant correlation between any of the four measures of depth of insertion and NU6 word score was found for these 10 cases. Similarly, analyses by device type and sound-processing strategy did not show significant correlations between the measures of insertion depth and NU6 scores.
DISCUSSION
The results reported in the present study do not support the hypothesis that the number of surviving spiral ganglion cells is positively correlated with a patient's word recognition score. The results are consistent with previously reported histopathological studies, 13, 14 but not with the more theoretical predictions based on the duration of deafness being negatively correlated with both spiral ganglion cell survival 7 and speech reception. 27, 28 Correlation between NU6 scores and spiral ganglion cell count was not strengthened by separate analysis of patients using Nucleus and Ineraid implants. Although it is unlikely that the number of residual spiral ganglion cells is irrelevant to the determination of speech perception Fig. 2 . Plot of NU6 word score as a function of the total spiral ganglion cell count. Each subject is identified by subject number (Table I) . following cochlear implantation (especially as the number approaches zero), there are, clearly, other clinical variables not yet identified, which play an important role in determining success with cochlear implantation as determined by word recognition testing. The present analysis of 14 patients in which the correlation between NU6 word scores determined during life and the depth of insertion of the implant device as determined on postmortem histological examination (Table III) revealed no statistically significant result. The correlation between NU6 word score and the four parameters of depth of insertion were not rendered statistically significant by separate analysis of the subjects using Nucleus and Ineraid implants. Although this is consistent with some previous studies, 19, 20 it differs from the findings of Skinner et al. 17 and Yukawa et al. 18 Skinner et al. 17 demonstrated a weak but significant positive correlation between speech discrimination and the percentage of the cochlear duct implanted (R 2 ϭ 0.20, P ϭ .02) and with the absolute length of the insertion (R 2 ϭ 0.17, P ϭ .04). In that study, 1) the measure of depth of insertion was made using high-resolution computed tomography rather than histopathological examination, 2) the patient base (n ϭ 26) was larger than in the present study, 3) the range of depth of insertion was greater, and 4) the subject population was more homogeneous in that only Nucleus 22 implantees were included. Yukawa et al. 18 found the angle of the tip of the electrode in relation to a line perpendicular to the radiological axis of the superior semicircular canal to be the best predictor of speech perception of four measurements of insertion depth. Together with the duration of deafness, this angle accounted for 37% of the variance in CNC word score, although the duration of deafness was the more influential factor. Because the tips' angle is a relationship calculated from the modified Stenver view, it is difficult to correlate with a direct histological evaluation of the electrode depth. Although these differences may explain the differences in findings, it is also possible that success with a cochlear implant as measured by word recognition scores is better correlated with other factors, such as cognitive measures (e.g., informationprocessing abilities, 29 preoperative verbal cognitive performance, 30 or short-term memory 31 ), rather than histopathological variables at the periphery. 
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